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IN BRIEF 

HEAT TRANSFER 
BETWEEN plates 


SOLVING THE 
EQUATIONS 


M oving-bed heat exchangers 
(MBHE) represent an efficient 
method for heating or cooling 
bulk-solid materials compared 
to other technologies, such as screws and 
fluidized beds. This article describes the 
equations governing heat transfer in an 
MBHE, and provides information on a nu¬ 
merical method to solve the equations. 

In a bulk-solids moving-bed heat ex¬ 
changer, a flowing bed of solid particles in¬ 
directly exchanges energy \with a secondary 
heating or cooling medium across a sepa¬ 
rating wall, MBHEs typically consist of hol¬ 
low parallel plates. The bulk material flows, 
driven by gravity, between adjacent plates, 
while the heat-transfer fluid flows inside the 
plates. Beneath the heat-exchanger plate 
bank is a mass-flow hopper, followed by a 
feeder that modulates the solids flowrate and 
keeps the channels between the plates filled 
with bulk material, In a mass-flow hopper, 
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FIGURE 1. Moving-bed heat exchangers have downward- 
flow ing solid malerial with heat-transfer fluid inside plates 


all the solids are in motion during discharge. 
Refer to Ref. 1 for procedures for designing 
mass-flow hoppers. 


Heat transfer between plates 

Consider the streams of bulk solids and heat¬ 
ing or cooling fluid moving countercurrently 
inside the plates of a heat exchanger, as 
shown in Figure 1, The plates are separated 
by a distance b, and each plate has a height 
equal to H. The heat exchanger may be 
composed of multiple banks of heat-transfer 
plates that are offset from each other. 

If an assumption is made to neglect radia¬ 
tion, then heat transfer from the walls of the 
heat-exchange plates to the moving bed of 
solids can be described by Equation (1). 


^ I 




dx^ 


( 1 } 


where (i*, is the bulk density of the solids 
material, u Is the solids velocity through the 
channels, C/>.( is the heat capacity of the solid 
particles, T is the temperature of the solid 
materials, z is the axial position, is the 
effective thermal conductivity, and x is the 
transverse distance. The solids velocity can 
be calculated from Equation {2). 



( 2 ) 


Where is the solids flowrate and L is the 
length of a heat exchanger plate. 

The boundary conditions for this situation 
are as follows in Equations (3a) and (3b). 
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where h is the heat-transfer coefficient, and J> 
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is the bulk temperature of the heat- 
transfer fluid. The fluid temperature 
will change as heat is transferred be¬ 
tween the fluid and moving bed of 
solids, according to Equation (4). 

where is the mass flowrate of the 
fluid, Cpf is the heat capacity of the 
heat-transferfluid^fis the mean sol¬ 
ids temperature, is the mean sol¬ 
ids temperature at the channel inlet, 
and is the outlet temperature 
of the fluid. The ratio is 

equal to the capacity ratio C. 

The temperature of the bulk solids 
exiting the heat-transfer geometries 
will not be uniform. Instead, it will 
have a parabolic profile. However, 
by incorporating multiple banks of 
staggered heat-transfer elements 
arranged vertically, a more uniform 
temperature profile for the solids 
can be obtained, If the heat ex¬ 
changer portion of the equipment 
is composed of multiple banks of 
vertical, parallel plates that are stag¬ 
gered as shown in Figure 1, particles 
that lie closest to a plate surface in 
one upper bank will fall at the center 
of the channels in the bank of heat- 
exchanger plates just below, 

At the entrance to a channel, 
Equation (5) is true. 


T(x,Q) = TfJixm (5) 

In this equation, T(f is the initial tem¬ 
perature of the solids. 

Solving the equations 

Analytical solutions exist for the par¬ 
tial differential equation in Equation 
(1) if the heat-transfer-fluid tempera¬ 
ture is constant and a uniform tem¬ 
perature profile exists for the solids 
at the inlet to the channel [2). How¬ 
ever. this is not typically the case for 
a moving-bed heat exchanger with 
staggered banks of plates and a 
heat-transfer fluid within the plates. 
In these cases, numerical methods 
must be used to solve the equation. 
While software packages are avail¬ 
able for solving partial differential 
equations, the energy balance equa¬ 
tion can easily be solved using Mi¬ 
crosoft Excel and VBA (Visual Basic 


for Applications), Equation (1) can 
be discretized as follows (Equations 
6 - 20 ): 
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The subscript ; represents the dis¬ 
cretized distance in the x direction. 
The subscript u represents the dis¬ 
tance in the z direction. In matrix 
form, this is represented by Equa¬ 
tion (21), 


a; K Fj 



( 21 ) 


This system of linear algebraic 
equations can be solved using the 
Thomas algorithm for tridiagonal ma¬ 
trices. The VBA programming code 
for the Thomas algorithm is shown 
in Figure 2. 


F(m-K= ] ToN 

M = A(K)/B(K-1) 

B(K) = B(K> M *CCK- I) 

D(K) = DCK) - M * D(K ^ 1} 

Ne^fLlK 

T(Nx)=D(N)/B(Nx) 

ForK=N ] ToOSt&p -] 

T(K) = (CKK) - C(K) * TCK 1)) / B(K) 
NcmK 


FIGURE 2. Visual Basic for Applications (VBA) can 
be used to solve a Irldiagonal matrix system of 
equations by IbeTboinas algorithm 

To illustrate how the equations 
shown in this article can be used to 
design an MBHE, the following ex¬ 
ample is provided. The goal was to 
design a heat exchanger that would 
heat the bulk material from 20*C to 
100°C, The analysis was completed 
with the following inputs: 

hi^= 5 kg/s 
C = 0.0625 
(Tpj = 1,300 J/kg-s 

= 1.000 kg/m3 

k^ff=0.57 J/m-'C 
/?= 150W/m2-°C 
To = 20'C 


Results 

Tfout = 1^1 “C 
I? = 0,05 m 

N = number of plates = 21 
L = 1 m 

// = 1.5 m (two banks) 

As the bulk material travels between 
the heat exchanger plates, its tem¬ 
perature increases. The increase in 
temperature is more significant clos¬ 
est to the walls of the plates (Figure 
3). If staggered banks of plates are 
used, the lower-temperature particles 
living the channels between a row 
of plates will be closest to the walls of 
the next row of plates (Figure 4). In this 
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FIGURE 3. As bulk material flows between exchanger plates, 
the temperatire increase is higher closest to the walls 
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FIGURE 4. With staggered banks of plates, partictes between 
plates will be closest to the walls of tbe next row of plates 

example, the mean temperature of the bulk- 
solid material increases as it moves downward 
through the heat exchanger plates. The tern- 



FIGURE 5. Tbe mean temperature of tbe bulk material in¬ 
creases as tho solids move downward 


perature of the heat-transfer fluid decreases 
as it flows upward (Figure 5). ■ 

Edited by Scott Jenkins 
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